We discuss conceptual and instrumental progress in dissolution DNP since its introduction in 2003. In our view there are three critical steps in the dissolution DNP process:
Introduction
The quest for generally applicable methods to enhance the equilibrium polarization beyond the Boltzmann factor has a long history in NMR research, starting with the idea of Albert Overhauser [1] to utilize electron polarization in order to increase the nuclear polarization, a concept which was later experimentally implemented by Carver and Slichter [2] .
A few years later, Abragam coined the term dynamic-nuclear polarization (DNP), initially for the solid effect in diamagnetic insulators with a small concentration of paramagnetic impurities.
This DNP experiment was independently proposed by Jeffries [3] and Abragam [4, 5] . Today, the term dynamic-nuclear polarization is used in a more general way in NMR to include many methods where electron polarization is used to enhance nuclear spin polarization. For many decades, DNP was a relatively small field in NMR with limited applications due to the requirement to work at low temperatures. The early development of DNP is summarized in several books and reviews [6] [7] [8] . During the past 10-20 years, DNP became more important in mainstream NMR research mainly through two developments: (i) The steady progress in the development of cryogenic (temperatures around 100 K) magic-angle spinning (MAS) NMR by the group of Robert G. Griffin at MIT [9, 10] using a gyrotron as a high-power source for microwaves and the subsequent commercialization by Bruker-Biospin.
(ii) The introduction of dissolution DNP where the sample is polarized at liquid-Helium temperatures using low-power microwave sources but used in the liquid state after a rapid dissolution process [11, 12] . This Perspectives article will focus on the recent developments in dissolution DNP.
The principles of dissolution DNP are quite simple (see Fig. 1 ) [13] . The liquid sample is doped with a free radical, frozen into a glass, placed in a polarizing field (typically 3.4 T) at low temperature (typically 1-2 K) and irradiated with low-power microwaves (typically 10-200 mW) to build up high nuclear polarization through transfer of polarization from the almost fully-polarized electrons (Fig. 2) . The sample is then rapidly dissolved using a hot liquid and transferred to a measurement system, which can either be a NMR magnet for solution-state NMR experiments or a MRI scanner for in-vivo spectroscopy or imaging. By nature of the procedure, such an approach produces a one-time polarization that has to be used efficiently.
Therefore, maximizing the polarization as well as minimizing the build-up time and relaxation losses during the dissolution and transfer process have been important research topics during 4 the past 10 years. The limiting step for repeated measurements is the time required to build up the polarization, which is typically in the order of 30 min to several hours. Therefore, methodological and hardware development for dissolution DNP has focused on implementing faster repetition rates for consecutive dissolutions, higher achievable polarizations, and on reducing magnetization loss during and after dissolution. The final step, i.e., removing the radicals from the solution, applies mostly to the in-vivo use of the hyperpolarized samples. It has, however, also some importance for spectroscopic applications, since relaxation times will be shortened by the radicals in the solution.
Typical samples for dissolution DNP make use either of trityl as a radical for direct 13 C polarization or TEMPO-based radicals (that are cheaper and more easily available) for generating 1 H polarization potentially followed by a polarization-transfer step to 13 C before dissolution. The driving force for the continued development of dissolution DNP is clearly the in-vivo use of highly-polarized metabolites with a strong emphasis on 1-13 C-pyruvic acid. There are also challenging and interesting applications in high-resolution NMR spectroscopy [14] that can be addressed by dissolution DNP but they are currently a relatively minor part of the dissolution-DNP applications. Among these, application of hyperpolarized media for dynamic study of chemical reactions [15] including protein folding [16] or drug screening [17] were shown to be very promising.
In the following we will describe and discuss the different methodological and instrumental implementations, which have been introduced to optimize the critical steps in dissolution DNP. Section 2 illustrates attempts to boost the polarization levels in the sample. In Section 3 we describe approaches to reduce the time required to build up the polarization.
Section 4 discusses the developments related to minimizing the loss of polarization during dissolution and transfer of the sample to the measurement system. Finally, in Section 5 we discuss techniques related to removing the radical from the solution.
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Boosting Polarization Levels
The first dissolution DNP setup [11, 18] was build around a magnet charged to 3.35 T due to the ready availability of microwave sources at 94 GHz (W band in EPR) with maximum powers in the 100-400 mW range. At the typical temperature of around 1.4 K, the electron polarization at this field is 93% (see Fig. 2 ) while the 1 H and 13 C polarizations are below 1%. A very similar hardware setup was used in the first commercial polarizer ("Hypersense") from
Oxford Instruments. This principal design was copied and extended also by several home-built systems [19] [20] [21] and a prototype design for a polarizer with sterile fluid path [22] . The commercial SPINlab polarizer from GE operates at 5 T (140 GHz EPR frequency). There are also systems operating at lower static magnetic fields (2.9 T) [23] but the general trend is towards higher static magnetic fields [24] [25] [26] [27] [28] with the intent to increase the maximum achievable polarization. There are also designs for DNP polarizers without dissolution capability [29, 30] but with more elaborate NMR and EPR measurement options for detailed investigation of mechanistic questions.
The published polarization data indicate an increase in achievable polarization as a function of the static magnetic field for direct 13 C polarization using trityl as a radical and pyruvate as a target molecule. Under optimum conditions polarization levels around 40-50% are achievable in the solid state using 3.5 T polarizers [20, 31] . At 4.6 T static magnetic field, pyruvate polarization levels up to 70% have been reported [24, 32] . Additionally, different types of mono- [33] and bi-radicals [32] have been used to directly polarize 13 C in pyruvic acid but all of them exhibited inferior performance in dissolution DNP systems compared to OX063 trityl.
To the best of our knowledge, there are no data available for trityl/pyruvate-based samples at higher than 5 T static magnetic fields with respect to dissolution DNP. A drawback of the higher fields is the significantly slower build up of the polarization at 4.6 T compared to 3.4 T, a trend which seems to be even more pronounced when going to even higher B0 fields.
The alternate route is the generation of proton polarization using TEMPO as a radical with possibly subsequent cross polarization to 13 C [34] [35] [36] [37] [38] [39] [40] before dissolution. In this case there is a clear dependence of the achievable polarization levels on the static magnetic field. At 3.4 T using TEMPO as a radical, proton polarization levels around 35% have been reported [35, 37] , while at higher magnetic fields (6.7 T), the achieved proton polarization levels were up to 91% [26] . In subsequent publications, typical proton polarization levels of 50-70% were reached [40, 41] . Since the emphasis of TEMPO-based implementations of dissolution DNP is more on the faster build up and not so much on the maximum achievable 13 C polarization, we will discuss this in more detail in Section 3. For an overview, typical achievable polarization levels are summarized in Table 1 .
Given the currently obtainable 13 C polarization levels of 40%, and higher, and the fact that the upper limit of 100% cannot be achieved, other strategies aimed at obtaining higher signal strength have also to be considered. One approach which has been suggested recently is the use of larger-volume samples [42, 43] . Typical dissolution DNP samples have a volume of 20-90 µl which is then diluted by the dissolution process to 4-10 ml. Sample sizes of up to 1500 µl have been successfully polarized and dissolved. The applicability of this approach, however, depends strongly on the intended use after dissolution. For in-vivo imaging or localized spectroscopy in small rodents, the amount of solution that can be injected is limited and larger volume samples will give no advantage. In larger animals or human applications, however, such methods can be very important to boost the available total signal-to-noise ratio.
We note also that the large distribution in the values of the polarization level obtained under very similar conditions indicates that the accurate measurement of absolute polarization in the solid state is not trivial. At typical dissolution DNP temperatures below 1.5 K, the 13 C relaxation times are estimated to be several 1000 s. While it is easily possible to measure DNPenhanced signals in a single shot using small-flip-angle pulses, measuring the equilibrium (Boltzmann) signals is difficult due to the long time required to reach the thermal equilibrium after cooling down the sample. Therefore, often thermal-equilibrium polarization at higher temperatures (4.2 K) are measured and extrapolated using the Boltzmann factors to the lower target temperature [20, 41] . There are no systematic studies on the size of the error associated to this procedure. Another approach employs the frequency shift [24, 32] of the powder line shape caused by the dipolar demagnetization field [44] . The nuclear (and electron) spins contained in the sample generate a dipolar field, which changes significantly for the polarization levels obtainable under dissolution DNP conditions. One can calculate the polarization-dependent shift based on equations given by Levitt for an infinitely long cylindrical sample [44] as (1) where p (1) is the polarization and ν (1) This shows that using the dipolar-demagnetization field to determine the polarization levels requires a very precise measurement of the center of gravity (first moment) of the complex powder line shape, keeping in mind that the line width of pyruvic acid is roughly 6 kHz [32] .
In our opinion, the availability of a fast and reliable method to determine the absolute polarization would be highly beneficial in order to avoid large discrepancies and errors on the quoted polarization levels in the solid state and allow fair comparison between literature data.
Boosting Polarization Build Up
Since the achievable polarization of 40% and above are already quite high and close to the upper limit of 100% as discussed above, a faster build up of the polarization or the generation of polarization in several samples in parallel has become an important option to shorten the repetition time between experiments. Table 1 summarizes some typical build-up times reported in the literature.
The problem of slow polarization build up is especially pronounced for low-γ nuclei, e.g., 13 C or 15 N and at higher magnetic fields. Several researches reported that adding a small quantity (on the order of 1-4 mM) of a Gd 3+ chelate can significantly speed-up the build-up time by increasing the electronic relaxation of the spin system. The achievable polarization level is
3 8 also usually enhanced. Moreover, if the commercial, Gd-based MRI relaxation agents are used, there is no need for an additional filtration step [45, 46] in case the solution is intended for an in-vivo application.
For faster polarization build up, two approaches have been proposed and experimentally implemented. One approach to faster 13 C polarization build up uses an indirect way to generate 13 C polarization by using DNP to enhance the 1 H polarization and, in a second step, to transfer this polarization to the 13 C (or other) nuclei using cross polarization (CP) [34] [35] [36] [37] [38] [39] [40] . In MAS DNP [9, 10] CP is routinely used to transfer polarization from 1 H to lower-frequency nuclei like 13 C/ 15 N.
The implementation of CP requires a double-tuned NMR circuit in the DNP probe that allows reasonably high radio-frequency (rf) fields (at least 40-50 kHz) and is compatible with dissolution. Adiabatic half-passage pulses can be used instead of hard pulses to avoid projection losses due to broad lines and limited rf-field amplitudes at the start and the end of the crosspolarization period [37, 39] . Multiple contact time CP [38] allows a further boost of the concentrations, a factor of 2-3 faster build up was observed with about 50% higher polarization levels (Fig. 4) . To the best of our knowledge no results for frequency modulation of microwave irradiation has been published for trityl-based samples and it is not clear whether any enhancements can be expected given the relatively narrow trityl EPR lines.
Even using all the methods discussed so far, polarization build-up times are still significantly longer than the desired repetition rates for in-vivo MRI experiments. This gap can be closed by using multi-sample systems [20] [21] [22] 49] where multiple samples can be loaded into the cryostat and polarized either sequentially or in parallel. There have been two designs proposed, one that uses a sample changer (revolver design) in the liquid Helium bath [20] (Fig.   5a ) and another one, developed and implemented independently by several groups, that allows the use of several (3-4) independent sample holders and dissolution systems [21, 22, 49] in a single cryostat (Fig. 5b) . Figure 5 shows schematic drawings of the cryogenic inserts of two of the designs [20, 49] . The revolver design allows the loading of a maximum of six samples, which can be polarized and dissolved sequentially. This approach solves mainly the problem of loading and unloading of samples during experimental runs. In principle, the samples can also be polarized simultaneously, but in the published design dissolution requires pressurizing the cryostat, thus leading to an increase in temperature of the liquid Helium with a concomitant loss of polarization of the other samples. The second design relies on separate sample holders, which allow the simultaneous polarization and very fast sequential dissolution of all samples due to the sealing of the dissolution space from the Helium atmosphere. This permits dissolution of a sample without pressure/temperature changes in the main Helium dewar. Successive dissolutions can be done within a few minutes [49] . The polarization levels achievable in such multi-sample systems seem to be slightly lower than the ones achieved in dedicated singlesample polarizers, mainly due to difficulties in the delivery of microwave power to multiple samples.
Low-Loss Transfer of Polarized Samples
The last important step in dissolution DNP is the fast and "lossless" transfer of polarization to a NMR spectrometer or MR scanner. Usually this transfer is achieved as an integral part of the dissolution procedure where hot solvent is used to dissolve the frozen and polarized sample [11] . High-pressure Helium gas is used to flush the solution out of the magnet and transfer it through tubing to the measurement system. At the end it can either be collected Settling of the sample in the NMR spectrometer to reduce susceptibility broadening or quality control and injection into animal without air bubbles.
The transfer of the sample out of the liquid Helium bath is usually achieved by lifting the sample cup up with a grabber. If the sealing of the dissolution system to the sample container is fully gastight, dissolution can be achieved without pressurizing the cryostat. Such a design speeds up the dissolution procedure and prevents the temperature of the liquid Helium bath in the cryostat to increase significantly, which is mostly important for multi-sample polarizers. It is critical to prevent heating up of the solid sample after lifting it out of the liquid Helium bath since 13 C relaxation in the solid can increase significantly at higher temperatures.
After dissolution, the sample is liquid and solution-state NMR relaxation times determine the loss of polarization. It is well known that at low fields, relaxation times increase and the loss of polarization is accelerated [50] . The transfer from the polarizer magnet to the destination system will have a certain magnetic-field profile, which depends on the relative field direction and the distance of the two magnets (see Fig. 6 ). Polarization losses due to enhanced relaxation at low magnetic fields can be reduced by using a magnetic tunnel [51] (Fig.   6 ) built from small permanent magnets. In such a tunnel, the field is always above a certain value reducing the relaxation losses during the shuttle time. Another contribution to the solution-state NMR relaxation properties comes from the presence of the free radicals in the solution. It is, therefore, advisable to remove the radical from the solution rapidly after dissolution. This is discussed in more detail in the next section.
The use of singlet states [52] instead of Zeeman polarization for the transfer process can lead to significantly increased relaxation times. This approach has also been used in combination with dissolution DNP to extend the time scale during which the polarization can be used [17, 53] . We will not discuss this approach in more detail.
After the transfer of the dissolved sample into a NMR sample tube, small gas bubbles and turbulences of the liquid sample are formed, causing line broadening in NMR experiments [54] . Sample motion effects can be quantified using diffusion measurements which in turn can be used to optimize the parameters for the dissolution such that gas bubbles and sample motion are minimized. Automatic sample injection systems [55, 56] have been designed that prevent the formation of gas bubbles and allow kinetic studies by dividing the hyperpolarized sample into multiple batches. A flow injection system [57] can be used to minimize the turbulences in the sample tube using a high-pressure liquid instead of gases to inject the sample into the NMR sample tube. For in-vivo experiments, the sample is usually transferred to a syringe which is then used to inject the hyperpolarized substrate into the animal. There are also automatic injection systems for in-vivo applications [58] .
Alternate setups for dissolution and sample transfer have been also proposed. The probably most elegant setup for NMR spectroscopic investigations is the two-center magnet [59] where polarization (3.4 T) and NMR measurements (9.4 T) happen in the same magnet in two different areas with different static magnetic fields ( Figure 7 ). This setup offers the advantage that the transfer ways are very short with concomitant low relaxation loss. The sample is transferred by an external actuator from the polarizing field to the dissolution system near the measurement field in the solid state and can be dissolved by a heated liquid and flow into the NMR sample tube. For microfluidics applications, a transfer system using a linear actuator to transfer the sample between a freezing zone where polarization is build up to a rapid melting zone and then on to a NMR detection circuit [60] has been proposed and implemented.
For very slowly relaxing samples like some silicon nano-and microparticles, a manual transfer of the cold solid sample out of the magnet to the measurement magnet is also feasible [61] . The same considerations as discussed above for the dissolution setup using a hot liquid are also valid for all these alternate methods.
Removing the Radicals
There are two reasons that suggest removing the radical from the solution during or after dissolution: (i) Especially at higher radical concentrations as used in TEMPO-based dissolution DNP samples, the radical can increase the relaxation times of the hyperpolarized sample in the solution [50] .
(ii) For in-vivo use, the radical should be removed from the sample because of its potential toxicity. This is especially relevant for clinical applications of hyperpolarized MRI.
For trityl-based pyruvate samples, changing the pH to a low value leads to an aggregation of the radical which can then be removed using a simple cotton filter [22] . This method is implemented in the commercial SPINlab polarizer. Another solution proposed to this problem in TEMPO-based samples is the use of sodium ascorbate (vitamin C) as a scavenger in the dissolution process [62, 63] . The radical will be reduced and the ascorbyl radicals rapidly disproportionate leaving no free radicals in the solution.
A very elegant way of preventing radicals from being present in the solution is the use of hybrid organosilica materials which are prepared by a Sol-Gel process using a template [64] that contain chemically bound radicals. The target substance is put into the cavities of the organosilica material and polarized in the usual way. After dissolution, the solid organosilica material can be filtered out in the polarizer magnet using a cotton filter, thus leading to a radicalfree solution. Using a very different approach, Eichhorn et al. [65] showed that enough radicals are formed in a neat pyruvate acid solution after irradiating it with UV light at low temperatures.
Dynamic polarization of such a sample leads to steady-state polarization levels of around 10%.
This optical doping of a sample has subsequently been applied to in-vivo spectroscopic studies.
Nonetheless, at the current stage, the intrinsically low achievable polarization prevents this method to be widely applicable.
Recently, the synthesis of a modified form of the BDPA radical was reported [66] . By attaching a benzyl alcohol group, its solubility in neat pyruvic acid can be significantly increased allowing for efficient polarization of 13 C nuclei, while still keeping it insoluble in the aqueous solution. After dissolution, the radical sediments out of the solution and can be easily removed with a cotton filter during the shuttling to the detection system. Finally, an alternative approach was presented [67] where the dissolution solvent was composed of a immiscible mixture of aqueous and organic solvent vapors. By assuring that one of the solvent is preferential in dissolving the polarized material and the other one in dissolving the exogenous radical, the paramagnetic adduct can be conveniently separated from the polarization target and 6
Outlook and Conclusions
The progress in hardware and methodology for dissolution DNP resulted in a very high level of achievable nuclear spin polarization. This is especially true for 1 H and 13 C nuclei in selected compounds with long relaxation times. As a result, the focus point of research has shifted towards decreasing the polarization build-up time and preserving the high polarization level in the liquid state. Nevertheless, more effort is necessary to improve the polarization efficiency for other low-γ nuclei, e.g., 15 N, 6 Li, and others that might constitute interesting and phase separator, (e) helium outlet, (f) helium inlet. Copied with permission from [59] .
